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1
BIPOLAR BATTERY

FIELD OF THE INVENTION

This invention relates to an arrangement of a voltage detec-
tion terminal and a discharge terminal attached to a collector
ol a bipolar battery.

BACKGROUND OF THE INVENTION

A bipolar battery 1s typically constructed by laminating a
plurality of bipolar electrodes with a plurality of electrolyte
layers through which 1ons move internally. The bipolar elec-
trode comprises a layer-form collector, a positive electrode
active material layer disposed on one surface of the collector,
and a negative electrode active material layer disposed on
another surface of the collector. The lamination 1s performed
such that the positive electrode active material layer and the
negative electrode active material layer oppose each other via
the electrolyte layer.

In a laminated condition, the positive electrode active
material layer and the negative electrode active matenal layer
opposing each other via the electrolyte layer constitute a unit
cell. In the bipolar battery, therefore, a plurality of unit cells
are connected 1n series.

The unit cells vary 1n internal resistance, capacity, and so
on due to factors arising during a manufacturing process.
When variation exists among voltages apportioned to the unit
cells, deterioration advances from a umt cell having a large
voltage, and as a result, a lifespan of the entire bipolar battery
shortens.

To extend the lifespan of the entire bipolar battery, there-
fore, the voltage of each umit cell 1s preferably measured,
whereupon the voltage of each unit cell 1s adjusted on the
basis of the measured voltage.

JP 2005-235428, published by the Japan Patent Office in
2003, teaches that 1n order to measure the voltage of each unit
cell of a bipolar battery, a voltage detection terminal 1s to be
attached to the collector of each unit cell so that a voltage can
be extracted from each unit cell for measurement.

SUMMARY OF THE INVENTION

To adjust the voltage of each unit cell on the basis of the
measured voltage, each collector must perform discharge
individually. This discharge control 1s known as voltage bal-
ance control.

Different characteristics are required of a discharge termi-
nal and a voltage detection terminal. The discharge terminal 1s
preferably provided 1n a position where a large amount of
discharge current can be caused to flow. As regards voltage
measurement, on the other hand, the voltage varies dramati-
cally 1n a site where a large amount of discharge current flows,
and therefore, in consideration of the measurement precision,
the voltage 1s preferably not measured in this site. Hence,
when discharge 1s performed using a voltage detection termi-
nal, the precision of the voltage balance control decreases.

It 1s therefore an object of this invention to satisty both a
requirement relating to measurement of a voltage of a collec-
tor and a requirement relating to discharge from the collector.

In order to achieve the above object, this invention provides
a bipolar battery 1n which a plurality of bipolar electrodes,
cach comprising a layer-form collector, a positive electrode
active material layer disposed on one surface of the collector,
and a negative electrode active material layer disposed on
another surface of the collector, and a plurality of electrolyte
layers through which 1ons move internally are laminated 1n a
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2

state where the positive electrode active material layer and the
negative electrode active material layer oppose each other via
the electrolyte layer.

The collector comprises a voltage detection terminal and a
discharge terminal connected to a peripheral edge portion
thereof. The voltage detection terminal and the discharge
terminal are disposed as follows. Assuming a first straight line
that connects a centroid of the collector and the voltage detec-
tion terminal and a second straight line that is orthogonal to
the first straight line, the discharge terminal 1s disposed on an
opposite side of the second straight line to the voltage detec-
tion terminal.

The details as well as other features and advantages of this
invention are set forth 1n the remainder of the specification
and are shown 1n the accompanying drawings. It should be
noted that thicknesses and shapes of respective layers consti-
tuting the bipolar battery may be exaggerated 1n the attached
drawings 1n order to facilitate description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a voltage balance control
circuit of a bipolar battery according to a first embodiment of
this invention;

FIGS. 2A and 2B are a schematic plan view of a collector
and a positive electrode active material layer of the bipolar
battery and a diagram showing voltage variation 1n an interior
of the collector during discharge;

FIG. 3 1s a voltage balance control circuit diagram 1llus-
trating a current flow through the bipolar battery at a first
stage ol voltage balance control according to the first embodi-
ment of this invention;

FIG. 4 1s a voltage balance control circuit diagram 1llus-
trating the current flow through the bipolar battery ata second
stage of the voltage balance control according to the first
embodiment of this invention;

FIG. 5 1s a diagram showing a voltage balance control
circuit of a bipolar battery according to a comparative
example #1;

FIGS. 6A and 6B are a schematic plan view of a collector
and a positive electrode active material layer of the bipolar
battery according to the comparative example #1, and a dia-
gram showing voltage variation in the interior of the collector
according to the comparative example #1 during discharge;

FIG. 7 1s a diagram showing a voltage balance control
circuit of a bipolar battery according to a comparative
example #2;

FIGS. 8A and 8B are a schematic plan view of a collector
and a positive electrode active material layer of the bipolar
battery according to the comparative example #2, and a dia-
gram showing voltage variation in the interior of the collector
according to the comparative example #2 during discharge;

FIGS. 9A and 9B are timing charts illustrating discharge
control according to the comparative example #2;

FIG. 10 1s a diagram showing a voltage balance control
circuit of a bipolar battery according to a second embodiment
of this invention;

FIGS. 11 A and 11B are a schematic plan view of a collector
and a positive electrode active material layer of the bipolar
battery according to the second embodiment of this invention,
and a diagram showing voltage variation in the interior of the
collector according to the second embodiment of this mnven-
tion during discharge;

FIG. 12 1s a diagram showing a voltage balance control
circuit of a bipolar battery according to a third embodiment of
this invention;
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FIGS. 13 A and 13B are a schematic plan view of a collector
and a positive electrode active material layer of the bipolar

battery according to the third embodiment of this mvention,
and a diagram showing voltage variation in the interior of the
collector according to the third embodiment of this invention
during discharge;

FIG. 14 1s a schematic plan view of a collector and a
positive electrode active material layer of a bipolar battery
according to a fourth embodiment of this invention;

FIG. 15 1s a schematic plan view of a collector and a
positive electrode active material layer of a bipolar battery
according to a fifth embodiment of this imnvention; and

FIGS.16 A and 16B are a schematic plan view of a collector
and a positive electrode active material layer of a bipolar
battery according to a sixth embodiment of this invention, and
a diagram showing voltage varniation in the interior of the
collector during discharge.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring to FIG. 1 of the drawings, a bipolar battery 2
according to a first embodiment of this invention includes five
layer-form collectors 4a to 4e laminated via separators 12. A
positive electrode active material layer 5 1s formed on one
surface of each collector 4a to 4e, and a negative electrode
active material layer 6 1s formed on another surface. The
collector 4a to 4e, the positive electrode active material layer
5, and the negative electrode active material layer 6 together
constitute a bipolar electrode 3. Therefore, the bipolar battery
2 includes five bipolar electrodes 3.

The negative electrode active matenal layer 6 1s set to have
a larger surface area than the positive electrode active mate-
rial layer 5. The bipolar electrodes 3 are laminated in a ver-
tical direction via electrolyte layers 7.

Here, two bipolar electrodes 3 adjacent to each other 1n the
vertical direction 1n the figure will be referred to for descrip-
tive purposes as an upper stage bipolar electrode and a lower
stage bipolar electrode. The upper stage bipolar electrode and
the lower stage bipolar electrode are disposed 1n a state where
the negative electrode active material layer 6 positioned on an
upper surface of the lower stage bipolar electrode and the
positive electrode active material layer 5 positioned on a
lower surface of the upper stage bipolar electrode oppose
cach other via the electrolyte layer 7.

Referring to FIG. 2A, the respective surface areas of the
positive electrode active material layer 5 and the negative
clectrode active material layer 6 are set to be smaller than a
horizontal direction surface area of the collector 4a to 4e. In
other words, the positive electrode active matenal layer 5 and
the negative electrode active material layer 6 are not provided
in a peripheral edge region of the collector 4a to 4e when seen
from a lamination direction.

Referring again to FIG. 1, a seal member 11 having a
predetermined width 1s sandwiched between the peripheral
edge regions of two collectors 4a to 4e adjacent to each other
in the lamination direction. The seal member 11 insulates the
positive electrode active material layer 5 and the negative
clectrode active material layer 6 from each other and secures
a predetermined space 8 between the positive electrode active
material layer 5 and the negative electrode active maternal
layer 6 opposing each other in the vertical direction of the
figure. The seal member 11 1s disposed on an outer side of an
outer periphery of the positive electrode active material layer
5 and the negative electrode active material layer 6.

A liquid-form or gel-form electrolyte 9 1s charged 1nto the
space 8. Further, the separator 12, which 1s formed from a
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4

porous membrane through which the electrolyte 9 can pass, 1s
provided across the space 8 substantially parallel to the posi-
tive electrode active maternial layer 5 and the negative elec-
trode active material layer 6. The separator 12 serves to pre-
vent electric contact between the two opposing electrode
active material layers 5 and 6. The electrolyte layer 7 1s
constituted by the electrolyte 9 charged into the space 8 and
the separator 12.

A high current tab 16 and a high current tab 17 are con-
nected respectively to the negative electrode active material
layer 6 on an uppermost stage and the positive electrode
active material layer 5 on a lowermost stage. In the charged
bipolar battery 2, the high current tab 16 functions as a posi-
tive terminal and the high current tab 17 functions as a nega-
tive terminal.

A single unit cell 15a to 154 1s constituted by the electro-
lyte layer 7. The positive electrode active material layer 5 1s
disposed on an upper side of the electrolyte layer 7 and the
negative electrode active material layer 6 1s disposed on a
lower side of the electrolyte layer 7. Hence, the bipolar bat-
tery 2 1s constituted by the four unit cells 15a to 154 con-
nected 1n series. It should be noted that a number of unit cells
and a number of bipolar batteries 2 connected in series may be
adjusted 1n accordance with a desired voltage.

A single bipolar battery module 1s constructed by laminat-
ing four bipolar batteries 2 and housing the laminated bipolar
batteries 2 1n a metal box. Furthermore, a bipolar battery
assembly 1s constructed from a plurality of modules.

Referring again to FIG. 2A, the collector 4a to 4e takes a
rectangular shape having a short side and a long side. The
collector 4a to 4e 1s constituted by a conductive polymer
material or a resin formed by adding a conductive filler to a
nonconductive polymer material. The collector 4a to 4e 1s not
limited to resin and may be formed from a metal.

A material 1n which a resistivity 1n a current flow direction
1s relatively large, 1.e. no less than 0.01 ohm centimeters
(2-cm), and 1n which a non-constant voltage distribution
occurs 1n sites contacting the positive electrode active mate-
rial layer 5 and the negative electrode active material layer 6
during discharge of the unit cell 15a to 15e, 1s preferably
employed as a material of the collector 4a to 4e. An alloy
containing nichrome and stainless steel may be cited as met-
als exhibiting relatively large resistance 1n the current flow
direction.

An electric circuit for performing voltage balance control
1s connected to the bipolar battery 2. Here, voltage balance
control 1s control for making respective voltages of the four
unit cells 15a to 154 even by performing individual discharge
from the collectors 4a to 4e.

A discharge terminal 21a and a voltage detection terminal
277a are attached to a peripheral edge portion of the collector
da. A discharge terminal 215 and a voltage detection terminal
277b are attached to a peripheral edge portion of the collector
4b. A discharge terminal 21¢ and a voltage detection terminal
2’7c are attached to a peripheral edge portion of the collector
dc. A discharge terminal 214 and a voltage detection terminal
2'7d are attached to a peripheral edge portion of the collector
dd. A discharge terminal 21e and a voltage detection terminal
277¢ are attached to a peripheral edge portion of the collector
de.

FIG. 1 1s a schematic longitudinal sectional view of the
bipolar battery 2, 1n which an upper side of the figure corre-
sponds to a vertical upper side and a lower side corresponds to
a vertical lower side.

The bipolar battery 2 1s covered by an outer covering mate-
rial made of a compound laminate film constituted by a resin
and a metal. A peripheral edge portion of the outer covering
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material 1s joined by heat sealing such that the bipolar battery
2 1s sealed 1n a vacuum condition. The high current tabs 16
and 17, the discharge terminals 21a to 21e, and the voltage
detection terminals 27a to 27¢ project to an outer side of the
outer covering material.

When voltages apportioned to the four unit cells 15a to 154
connected 1n series are not 1dentical, it 1s impossible to obtain
a desired battery voltage from the bipolar battery 2 as a whole.
In the bipolar battery 2, balance currents discharged from the
respective collectors 4a to 4e are controlled such that the
respective voltages of the four unit cells 15a to 154 match.
Here, the balance current 1s a current discharged to make the
voltages of the four unit cells 15a to 154 even. Balance current
control will also be referred to as “voltage balance control”.
Voltage balance control 1s control for making the voltages of
the four umit cells 15a to 15d even through discharge. Here-
aiter, the terms balance current and voltage balance control
will be used with the definitions described above.

When the voltage detection terminal doubles as the dis-
charge terminal through which the balance current flows 1n a
case where a resin or a metal having a relatively large resis-
tance 1n a flow direction of the balance current i1s used as the
collector, the voltage 1s detected 1n a site where the balance
current tlows 1n a largest amount during discharge. To detect
the voltage with stability, however, detection 1s preferably
performed in a site where the balance current flows 1n a
relatively small amount. When the voltage 1s detected 1n a site
where the balance current flows 1n a large amount, the voltage
1s likely to vary greatly. When the detected voltage varies, the
balance current control for aligning the voltages of the unit
cells 15a to 154 becomes diificult.

In the bipolar battery 2 according to this embodiment, the
voltage detection terminals 27a to 27e for detecting the volt-
ages ol the umit cells 15a to 154 and the discharge terminals
21ato 21e for performing discharge from the unit cells 15a to
154 are provided 1n separate peripheral edge portions of the
collectors 4a to 4e on surfaces of the respective collectors 4a
to 4e.

Referring again to FI1G. 2A, the collectors will be described
more specifically, using the collector 4a as an example. The
positive electrode active material layer 5 1s formed on one
surface of the collector 4a by leaving a heat seal portion
having a predetermined width on the peripheral edge portion.
The figure corresponds to a plan view showing the collector
da from the lower side of FIG. 1. It should be noted that the
discharge terminal 21a and the voltage detection terminal 27a
are connected to the surface on which the negative electrode
active material layer 6 1s formed. Voltages of these terminals
are expressed by negative values.

First, a first straight line Dal linking the voltage detection
terminal 27a to a centroid Oa of the collector 4a 1s drawn on
a plane of the collector 4a. The discharge terminal 214 1s then
disposed on an opposite side of a second straight line Da2,
which 1s orthogonal to the first straight line Dal at the cen-
troid Oa, to the voltage detection terminal 27a. Disposing the
voltage detection terminal 274 and the discharge terminal 214
on etther side of the second straight line Da2 1n this manner 1s
a requirement of the bipolar battery 2 according to this mnven-
tion.

When a planar form of the collector 4a 1s divided into four
regions by two diagonal lines of the rectangular collector 4a,
the voltage detection terminal 27a and the discharge terminal
21a are preferably disposed in one and another of two non-
adjacent regions. More preferably, these regions are regions
in which an intersection angle of the diagonal lines 1s an acute
angle. More specifically, the voltage detection terminal 274 1s
disposed on one short side of the rectangular collector 4a, and
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the discharge terminal 214 1s disposed on the other short side.
Even more preferably, the voltage detection terminal 27a and
the discharge terminal 21a are disposed at an angular interval
of no less than 150 degrees and less than 210 degrees.

The voltage detection terminals 275 to 27e and the dis-
charge terminals 2156 to 21e are disposed similarly on the
collectors 46 to 4e.

Referring again to FIG. 1, a voltage balance circuit 20
includes five discharge wires 22a to 22e, five fixed resistors
24a to 24e, and four switches 25a to 254, which are connected
to the five discharge terminals 21a to 21e.

To perform discharge from each of the four unmit cells 154 to
15d, the discharge terminals 21a to 21e are connected to the
peripheral edge portions of the five collectors 4a to 4e 1n
predetermined locations satistying the conditions described
above by a method such as adhesion. As described above, the
discharge terminals 21a to 21e are drawn to the outer side of
the resin/metal compound laminate film. One end of the five
discharge wires 22a to 22¢ of the voltage balance circuit 20 1s
connected to each of the five discharge terminals 21a to 21e.

In other words, one end of the discharge wire 224 1s con-
nected to the discharge terminal 21a. One end of the discharge
wire 225 1s connected to the discharge terminal 215. One end
of the discharge wire 22¢ 1s connected to the discharge ter-
minal 21¢. One end of the discharge wire 224 1s connected to
the discharge terminal 214. One end of the discharge wire 22¢
1s connected to the discharge terminal 21e.

Another end of the discharge wire 22a and another end of
the discharge wire 225 are connected to the switch 23a. The
other end of the discharge wire 225 and another end of the
discharge wire 22¢ are connected to the switch 255. The other
end of the discharge wire 22¢ and another end of the discharge
wire 22d are connected to the switch 235¢. The other end of the
discharge wire 224 and another end of the discharge wire 22e
are connected to the switch 254

The four switches 23a to 254 are normally open switches.
ON/OFF operations of the switches 25a to 254 are controlled
by a control circuit 29.

The voltage detection terminals 27a to 27e provided on the
five collectors 4a to 4e are connected to the control circuit 29
via respective voltage detection wires 28a to 28e.

Components used 1n the voltage balance circuit 20 for the
four umt cells 15a to 154 are assumed to have identical
specifications. More specifically, the discharge terminals 21a
to 21e are created to i1dentical specifications. The switches
25a to 25d also have identical specifications. The discharge
wires 22a to 22e are all constructed using 1dentical materials
and at identical lengths. The five fixed resistors 24a to 24e all
have identical resistance values. The voltage detection termi-
nals 27a to 27e¢ also have 1dentical specifications. The voltage
detection wires 28a to 28e also have 1dentical specifications.

Referring again to FIG. 2A, the positive electrode active
material layer 5 1s formed on one surface of the collector 4a by
leaving a heat seal portion having a predetermined width on
the peripheral edge portion. The figure corresponds to a plan
view showing the collector 4a from below. It should be noted
that the discharge terminal 21a¢ and the voltage detection
terminal 27a are connected to the surtace on which the nega-
tive electrode active matenial layer 6 1s formed. Voltages of
these terminals are expressed by negative values. Since nega-
tive values are difficult to handle, however, variation in the
voltages of respective parts will be described below taking as
an example a case in which the discharge terminal 21 and the
voltage detection terminal 27a are connected to the surface on
which the positive electrode active material layer 5 1s formed.

When the collector 4a 1s seen from below, the discharge
terminal 21a 1s disposed 1n the vicinity of a lower right corner
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portion of the figure and the voltage detection terminal 27a 1s
disposed 1n the vicinity of an upper leit corner portion of the
figure. During discharge from the unit cell 154, a discharge
current tlows toward the discharge terminal 21q from an
entire region of the positive electrode active material layer 5.
Theretore, the discharge current flows 1n a steadily larger
amount toward a region 1n the vicinity of the discharge ter-
minal 21a. When the discharge current flows 1 a large
amount, the voltage decreases greatly. Hence, the voltage
cannot be detected with a high degree of precision 1n a site
where the discharge current flows 1n a large amount. Con-
versely, the voltage decreases by a steadily smaller amount as
the discharge current flow decreases. The voltage can be
detected with a high degree of precision 1n a site where the
discharge current flow 1s small, and therefore the voltage
detection terminal 27a 1s connected to the peripheral edge
portion of the collector 4a 1n a position where the discharge
current flows 1n the smallest amount, 1.¢. the vicinity of the
upper left corner portion of the figure, which 1s a site furthest
removed from the discharge terminal 21a.

FI1G. 2B shows variation in the voltage of the collector 4a
along a dot-dash line linking the voltage detection terminal
27a and the discharge terminal 21a 1 FIG. 2A during dis-
charge of the unit cell 15a from the discharge terminal 21a. A
voltage at a point A positioned on a left side edge of the
positive electrode active material layer 5 1n the figure 1s set as
a high side voltage Vhi, while a voltage at a point B positioned
on a right side edge of the positive electrode active material
layer 5 1n the figure 1s set as a low side voltage Vlo. The
internal voltage of the collector 4a decreases from the high
side voltage Vhi to the low side voltage V1o while advancing
from the point A to the point B. In the figure, voltage variation
from the point A to the point B 1s approximated by a straight
line.

The positive electrode active material layer 3 1s not pro-
vided to the right side of the point B 1n the figure, and there-
tore the discharge current flows only through the collector 4a.
The collector 4a has greater internal resistance than a metal
conductor, and therefore a voltage reduction corresponding to
this internal resistance occurs. Further, contact resistance
exists between the collector 4a¢ and the discharge terminal
21a, and therefore a voltage reduction corresponding to this
contact resistance occurs. In other words, the voltage
decreases greatly 1n the vicinity of the point B. As a result, a
voltage V1 of the first discharge terminal 21a decreases to a
voltage obtained by subtracting these two voltage reductions
from the low side voltage Vlo at the point B.

Between the point A and aright end of the voltage detection
terminal 27a, meanwhile, the positive electrode active mate-
rial layer 5 does not exist and substantially no discharge
current flows, and therefore a voltage reduction does not
occur. Hence, the voltage of the voltage detection terminal
277a 1s substantially equal to the high side voltage Vhi at the
point A.

A case 1n which the discharge terminal 21a and the voltage
detection terminal 27a are connected to the surface on which
the positive electrode active material layer 5 1s formed was
described above.

In light of the above description, a case in which the dis-
charge terminal 21a and the voltage detection terminal 27a
are connected to the surface on which the negative electrode
active material layer 6 1s formed, as shown 1n FIG. 1, will now
be described.

In this case, a voltage on an ordinate 1n FIG. 2B may be
considered to have anegative value. In other words, a negative
voltage value increases toward the “HIGH” mark on the ordi-
nate. The current flows from the discharge terminal 21a
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toward the voltage detection terminal 27a. Here, the voltage 1s
reduced from a voltage Va of the discharge terminal 21a to a
negative voltage Vlo at the point B by the voltage reduction
caused by the contact resistance between the discharge ter-
minal 21a and the collector 4a and the voltage reduction
caused by the internal resistance of the collector 4a. The
current flows mainly through the negative electrode active
maternial layer 6 between the point B and the point A, and
during this time, the voltage decreases substantially linearly.
Between the point A and the voltage detection terminal 274,
the negative electrode active material layer 6 does not exist
and substantially no current flows, and therefore a voltage
reduction does not occur. Hence, the voltage of the voltage
detection terminal 27a 1s substantially equal to the voltage
Vhi at the point A. It should be noted, however, that the
voltage Vhi 1s a negative voltage.

An average value Vav (=(Vhi+Vl1o)/2) of the high side
voltage Vi and the low side voltage V1o may be employed as
the voltage of the collector 4a. It should be noted, however,
that the voltage balance circuit 20 according to this embodi-
ment does not detect the low side voltage Vlo 1n relation to
any of the collectors 4a to 4e. Only the high side voltage Vi,
which appears to be larger than the average value Vav, 1s
detected 1n each of the collectors 4a to 4e as voltages V1 to V5
shown in FIG. 1.

When a high degree of detection precision 1s not required in
relation to the voltages of the collectors 4a to 4e during
discharge, discharge control may be performed using the
voltages V1 to V5 as representative voltage values of the
collectors 4a to 4e. When a high degree of detection precision
1s required, a relationship between the high side voltage Vhl

(V1) of the collector 4a, the high side voltage Vhl (V2) of the

discharge destination collector 45, and the average voltage
value Vav of the collector 4a 1s preferably stored on a map in
advance such that the average value Vav can be determined
from the voltages V1 and V2 by referring to the map. The map
1s created by matching. This applies likewise to the voltages
of the collectors 45 to 4e.

Referring again to FI1G. 1, the detected voltages V1 to VS of
the voltage detection terminals 27a to 27¢ are input 1nto the

control circuit 29 via the voltage detection wires 28a to 28e.
The control circuit 29 1s constituted by a microcomputer
comprising a central processing unit (CPU), a read-only
memory (ROM), a random access memory (RAM), and an
input/output interface (I/0 nterface). The control circuit 29
may be constituted by a plurality ol microcomputers.

The control circuit 29 calculates voltages AV1 to Ad of the
four unit cells 15a to 154 on the basis of the five detected
voltages V1 to V5.

The control circuit 29 then open/close controls the four
switches 254 to 254 such that the voltages AV1 to AV4 of the
four unit cells 15a to 154 all have 1dentical values. As a result,
the balance current 1s discharged from the unit cell 15a to 154
having a high voltage to the corresponding fixed resistor 24a
to 24e. More specifically, the voltage of the unit cell having
the lowest voltage of the four unit cells 15a to 154 1s set as a
target voltage, and the voltages of all of the unit cells 154 to
154 are aligned with the target voltage by discharging the
remaining unit cells to reduce the voltages thereof to the
target voltage.

It 1s assumed, for example, that the voltage AV 3 of the unit
cell 15¢ 1s lower than the voltages AV1, AV2, AV4 of the
remaining three unit cells 135a, 155, 154. In this case, the
voltage AV 3 of the third unit cell 15¢ 1s set as a target voltage
AVm. Discharge 1s then performed from the remaining three
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unit cells 15a, 155, 154 until the voltages AV1, AV2, AV4 of
the remaining three unit cells 15a, 155, 154 match the target
voltage AVm.

Referring to FIG. 3, the control circuit 29 switches the
second switch 256 and the fourth switch 254 ON for a pre-
determined period as a first stage. Accordingly, the balance
current tlows to the fixed resistors 245 to 24e 1n a direction
indicated by an arrow in the figure. As a result, the voltage V2
of the unit cell 156 and the voltage V4 of the unit cell 154
decrease. Following the elapse of the predetermined period,
the control circuit 29 switches the second switch 255 and the
tourth switch 254 OFF again.

Referring to FIG. 4, the control circuit 29 switches the first
switch 25a ON for a predetermined period as a second stage.
Accordingly, the balance current flows to the fixed resistors
24a and 245 1n a direction shown 1n the figure. As aresult, the
voltage V1 of the unit cell 15a decreases. Following the
clapse of the predetermined period, the control circuit 29
switches the first switch 254 OFF again.

By executing processing in two stages in this manner, the
voltages AV1, AV2, AV4 of the remaining three unit cells
15a, 15b, 154 are respectively reduced until finally becoming
equal to the target voltage AVm.

A case 1 which the discharge terminal 21q and the voltage
detection terminal 27a are connected to the surface of the
collector 4a to 4e on which the positive electrode active
maternal layer 5 1s formed was described above. The control
circuit 29 controls the switches 25a to 254 in an 1dentical
fashion likewise when the discharge terminal 21aq and the
voltage detection terminal 27a are connected to the surface of
the collector 4a to 4e on which the negative electrode active
material layer 6 1s formed, but in this case, the current flow 1s
reversed from that shown by the arrows 1n FIGS. 3 and 4.

Referring to FIG. 5, comparative example #1 not pertain-
ing to this invention will be described.

In the bipolar battery 2 according to comparative example
#1, the five discharge terminals 21a to 21e double as voltage
detection terminals. More specifically, voltage detection
wires 41a to 41e bifurcate from the five discharge wires 22a
to 22e connected to the discharge terminals 21a to 21e, and
the voltage detection wires 41a to 41e are connected to the
control circuit 29. All other configurations of the bipolar
battery 2 are 1dentical to the bipolar battery 2 according to the
first embodiment of this invention.

The discharge terminal 21a to 21e i1s connected to the
surface of the collector 4a to 4e on which the negative elec-
trode active material layer 6 1s formed. For ease of descrip-
tion, however, a case 1n which the discharge terminal 21a to
21e 1s connected to the surface of the collector 4a to 4e on
which the positive electrode active material layer 5 1s formed
will be described likewise in comparative example #1.

Referring to FIGS. 6 A and 6B, the voltage reduction 1n the
interior of the collector 4a (46 to 4e) caused by discharge of
the unit cell 15a (1556 to 154d) from the discharge terminal 214
(215 to 21e) 1s 1dentical 1n comparative example #1 to that of
the bipolar battery 2 according to the first embodiment of this
invention.

As described above, however, when discharge 1s performed
from the discharge terminals 21a to 21e, the current 1n the
collectors 4a to 4e reaches a maximum in the vicinity of the
discharge terminals 21a to 21e. Theretfore, the voltage VI
detected here varies greatly. When the discharge terminals
21ato 21e double as voltage detection terminals, 1t 1s difficult
to secure sulficient detection precision in relation to the volt-
age VI, and as a result, 1t also becomes diflicult to secure
precision 1n the voltage balance control for aligning the volt-
ages of the unit cells 15a to 154 at 1dentical values.
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Reterring to FIG. 7, comparative example #2 not pertain-
ing to this mnvention will be described.

Comparative example #2 differs from comparative
example #1 1n the configuration of the voltage balance circuit
20. The bipolar battery 2 1s configured identically to the
bipolar battery 2 according to comparative example #1.

In comparative example #2, switches 43a to 43¢ are dis-
posed at bifurcation points where the voltage detection wires
41a to 41e biturcate from the discharge wires 22a to 22¢. The
switches 43a to 43¢ are respectively connected to the control
circuit 29 by a signal circuit. The switches 43a to 43¢ have a
discharge position for connecting the discharge wires 22a to
22¢ to the fixed resistors 24a to 24e 1n response to a signal
from the control circuit 29, and a voltage detection position
for connecting the discharge wires 22a to 22e to the voltage
detection wires 41a to 41e.

Similarly to the first embodiment, the bipolar battery 2
according to this embodiment 1s constructed by laminating
the five bipolar electrodes 3 via the electrolyte layers 7.

Referring to FIGS. 9A and 9B, in comparative example #2,
the control circuit 29 executes discharge and voltage detec-
tion on the collectors 4a to 4e alternately through time sharing
by operating all or a part of the switches 43a to 43e. The
voltage detection position 1s set as an 1nitial condition of the
switches 43a to 43e.

Attimes tl, t3, and t5, the control circuit 29 switches one of
the switches 43a to 43¢ from the voltage detection position to
the discharge position. At times t2 and t4, the control circuit
29 switches the switches in the discharge position to the
voltage detection position so that all of the switches 43a to
43¢ are 1n the voltage detection position.

As a result, at times t1-t2, times t3-t4, and times t5-t6, at
least a part of the switches 43a to 43¢ 15 held 1n the discharge
position. These periods will be referred to as discharge peri-
ods. At times t0-tl, times t2-t3, and times t4-t5, all of the
switches 43a to 43¢ are held 1n the voltage detection position.
These periods will be referred to as voltage detection periods.
The voltage detection period corresponds to a time required
for the voltages V1 to V5 to stabilize following discharge of
the unit cells 15a to 15d. In the discharge period, the control
circuit 29 performs discharge from a specific collector 4a (45
to 4¢), and 1n the voltage detection period, the control circuit
29 detects the voltages V1 to V5 of all of the collectors 4a to
de and calculates the voltages AV1 to AV4 of the unit cells
15a to 15d.

A case 1n which the voltage AV3 of the unit cell 15¢ 1s
lower than the voltages AV1, AV2, AV4 of the other three unit
cells 15a, 1554, 154 will be considered. In this case, the control
circuit 29 sets the voltage AV 3 as the target voltage AVm, and
causes the other three unit cells 15a, 135, 154 to perform
discharge until the voltages AV1, AV2, AV4 match the target
voltage AVm.

A voltage detection and discharge pattern executed by the
control circuit 29 will now be described.

First, the control circuit 29 detects the voltages V1 to V5 of
the collectors 4a to 4e and calculates the voltages AV1 to AV4
of the four unit cells 15a to 154 1n the voltage detection period

of the times t0-t1. It 1s assumed as a result that the voltage
AV 3 of the unit cell 15¢ 1s lower than the voltages AV1, AV2,

AV 4 of the other three unit cells 154, 1554, 15d.

Similarly to the first embodiment, as described with refer-
ence to FIGS. 3 and 4, i a certain discharge period, the
control circuit 29 performs first stage discharge 1n order to
reduce the voltage V2 of the unit cell 155 and the voltage V4
of the unit cell 154 by setting the switches 255 and 25d in the
discharge position and keeping the other switches 25a4 and
2354 1n the voltage detection position. In a following discharge
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period, the control circuit 29 performs second stage discharge
in order to reduce the voltage V1 of the unit cell 15a by
keeping the switch 254 1n the discharge position and keeping,

the other switches 25/ to 254 1n the voltage detection posi-
tion.

Following this processing, the control circuit 29 again
detects the voltages V1 to VS and calculates the voltages AV1
to AV4 of the unit cells 15a to 154 1n the voltage detection
period, and then determines whether or not the voltages AV1,

AV2, AV4 of the unit cells 15a, 155, 154 match the target
voltage AVm.

Discharge from the unit cells 154 to 154 1s normally per-
formed so as to avoid overdischarge, and therefore, when the
discharge processing constituted by the first stage and the
second stage 1s performed only once, the voltages AV1, AV2,
AV4 may remain above the target voltage AVm. The control
circuit 29 therefore calculates the voltages AV1 to AV4 on the
basis of the voltages V1 to V5 and performs the discharge

processing constituted by the first stage and the second stage
repeatedly so that finally, all of the voltages AV1 to AV4 are
aligned with the target voltage AVm.

By switching the switches 43a to 434 in comparative
example #2, the voltages of the collectors 4a to 4e can be
detected with greater stability than in comparative example
#1. A large amount of time between ten and thirty minutes 1s
required for the entire positive electrode active material layer
5 to settle at a voltage 1n a state of equilibrium from a point at
which the two-stage discharge 1s stopped, or 1n other words
for the voltage detection periods corresponding to the times
t2-t3 and the times t4-t5 in FIG. 9A. Further, as described
above, the voltages AV1 to AV4 of the four umit cells 15a to
15d cannot be made even 1n a single discharge operation, and
therefore discharge must be repeated many times.

Referring to FIGS. 8 A and 8B, voltage variation occurring,
in the collector 4a when discharge of the unit cell 154 accord-
ing to comparative example #2 1s stopped will be described.

It 1s assumed here for ease of description that the discharge
terminal 21a to 21e 1s connected to the surface of the collector
da to 4e on which the positive electrode active material layer
5 1s formed rather than the formation surface of the negative
clectrode active matenal layer 6.

A solid line 1n FIG. 8B indicates voltage variation in
respective parts ol the collector 4a along a dot-dash line in
FIG. 8A during discharge of the unit cell 15a from the dis-
charge terminal 21a. A voltage reduction occurring during
discharge 1s constituted by a voltage reduction due to lithium
ion movement through the positive electrode active material
layer 5 and a voltage reduction AV due to the flow of the
discharge current. When discharge of the unit cell 154 1s
stopped, the voltage reduction AV due to the flow of the
discharge current disappears instantancously. In FIG. 8B,
therefore, a voltage characteristic of each part of the collector
da varies from the solid line to a dotted line of the figure when
discharge 1s stopped. The voltage reduction increases as the
flow of the discharge current increases, and therefore, when
discharge from the unit cell 15a 1s stopped, the voltage varies
greatly upward toward a site in the vicinity of the discharge
terminal 21a.

The entire positive electrode active matenal layer 5 then
shifts toward a state of equilibrium over a period of ten to
thirty minutes, for example. After reaching the state of equi-
librium, the entire region of the positive electrode active
material layer 5 settles at a fixed voltage. A dot-dot-dash line
in FIG. 8B shows this state of equilibrium. A voltage Veq in
the state of equilibrium takes a value obtained by adding the
voltage reduction AV due to the tflow of the discharge current
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to the average value Vav (=(Vhi+Vlo)/2) of the high side
voltage Vht at the point A and the low side voltage Vlo at the
point B during discharge.

Hence, in comparative example #2, a long time 1s required
to align the voltages AV1, AV2, AV4 of the unit cells 15a,
155, 154 with the target voltage AVm, or 1n other words the
voltage AV3 of the unit cell 15¢.

In the bipolar battery 2 according to the first embodiment of
this invention, on the other hand, the discharge terminal 21a
to 21e and the voltage detection terminal 27a to 27e are
connected independently of each other on an 1dentical collec-
tor 4a to 4e. Further, the discharge terminal 21a to 21e 1s
disposed on the opposite side of the second straight line Da2,
which 1s orthogonal to the first straight line Dal that connects
the centroid Oa to Oe of the collector 4a to 4e, and the voltage
detection terminal 27a to 27e.

As aresult, the voltages V1 to V5 of the collectors 4a to 4e
can be detected 1n sites of the collectors 4a to 4e not affected
by the 1n-plane voltage distribution of the collectors 4a to 4e
and the voltage reduction caused by contact resistance
between the collectors 4a to 4e and the discharge terminals
21a to 21e. Hence, the voltages AV1 to AV4 of the unit cells
15a to 154 can be calculated precisely. The voltage balance
control executed on the unit cells 15a to 154 on the basis of the
voltages AV1 to AV4 can also be performed precisely. In
other words, both a requirement relating to measurement of
the voltages of the collectors 4a to 4e and a requirement
relating to discharge from the collectors 4a to 4e can be
satisfied. As a result, 1t 1s possible to enlarge a voltage range
in which the bipolar battery 2 can be used.

Further, in the bipolar battery 2 according to the first
embodiment of this invention, when the planar form of the
collector 1s divided into four regions by the two diagonal lines
intersecting at the centroid Oa to Oe, the voltage detection
terminal 27a to 27¢ 1s disposed 1n one of two non-adjacent
regions, and the discharge terminal 21a to 21e 1s disposed 1n
the other. As a result, the likelithood of the voltage detection
terminals 27a to 27e being aflected by voltage variation
accompanying discharge from the collectors 4a to 4e can be
reduced.

Furthermore, in the bipolar battery 2 according to the first
embodiment of this invention, the two non-adjacent regions
are regions 1n which an intersection angle of the two straight
lines 1s an acute angle. As a result, the likelihood of the
voltage detection terminals 27a to 27¢ being affected by
voltage variation accompanying discharge from the collec-
tors 4a to 4e can be reduced.

Moreover, 1n the bipolar battery 2 according to the first
embodiment of this invention, the collectors 4a to 4e are
formed with a rectangular planar form, and the two straight
lines intersecting at the centroid Oa to Oe are the diagonal
lines of the rectangle. Thus, a large distance can be secured
between the voltage detection terminal 27a to 27¢ and the
discharge terminal 21a to 21e, and as a result, the likelihood
of the voltage detection terminals 27a to 27e being atfected
by voltage vaniation accompanying discharge from the col-
lectors 4a to 4e can be reduced.

Further, 1n the bipolar battery 2 according to the first
embodiment of this invention, the voltage detection terminal
27a 1o 27¢ and the discharge terminal 21a to 21e are disposed
at an angular interval between 130 and 210 degrees. In so
doing, a large distance can be secured between the voltage
detection terminal 27a to 27e and the discharge terminal 21a
to 21e, and as a result, the likelihood of the voltage detection
terminals 27a to 27e being affected by voltage variation
accompanying discharge from the collectors 4a to 4e can be
reduced.
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Hence, with the bipolar battery 2 according to the first
embodiment of this invention, accurate voltage balance con-
trol can be performed, enabling an increase 1n the lifespan of
the bipolar battery 2.

Referring to FIG. 10, a bipolar battery 2 according to
second embodiment of this invention will be described.

In the bipolar battery 2 according to the first embodiment,
one discharge terminal 21a to 21e and one voltage detection
terminal 27a to 27e are connected to each collector 4a to 4e.
In the bipolar battery 2 according to this embodiment, one
discharge terminal 21a to 21e and two voltage detection ter-
minals 27a to 27e, 27aa to 27ee are connected to each col-
lector 4a to 4e.

The discharge terminal 21a to 21e and a first voltage detec-
tion terminal 27a to 27e of the two voltage detection terminals
27a to 27e, 27aa to 27ee are connected to the collector 4a to
4de 1n 1dentical positions to the first embodiment.

A second voltage detection terminal 27aa to 27ee of the
two voltage detection terminals 27a to 27e, 27aa to 27ee 1s
connected to the collector 4a to 4e 1n the vicinity of the point
B. It should be noted that the discharge terminal 21a to 21e
and the two voltage detection terminals 27a to 27e, 27aa to
2'7ee are both connected to the surface ofthe collectorda to 4e
on which the negative electrode active material layer 6 1s
formed.

The second voltage detection terminals 27aa to 27ee are
connected to the control circuit 29 via independent wires 52a
to 52e.

All other configurations of the bipolar battery 2 and the
voltage balance circuit 20 are 1dentical to the first embodi-
ment. FIG. 10 shows the planar form of the five collectors 4a
to 4e, but similarly to the first embodiment, the bipolar battery
2 according to this embodiment 1s constituted by five bipolar
clectrodes 3 including the collectors 4a to 4e, which are
laminated via the separators 12.

Referring to FI1G. 11A, 1n the bipolar battery 2 according to
this embodiment, a voltage detected by the first voltage detec-
tion terminal 27a to 27e 1s set as the high side voltage Vi,
while a voltage detected by the second voltage detection
terminal 27aa to 27ee 1s set as the low side voltage Vlo. The
average value Vav (=(Vhi+Vlo)/2) thereof 1s employed as the
voltage of each collector 4a to 4e.

As described 1n relation to comparative example #2, a
difference corresponding to the voltage reduction AV caused
by the flow of the discharge current exists between the aver-
age value Vav of the high side voltage Vhi and the low side
voltage Vlo and the balanced voltage Veq in the state of
equilibrium after discharge has been stopped. Theretfore, the
voltage reduction AV 1s preferably determined in advance,
and a value obtained by adding the voltage reduction AV to
the average value Vav of the high side voltage Vhi and the low
side voltage Vlo 1s preferably employed as the detected volt-
age ol each collector 4a to 4e.

It should be noted that in order to facilitate the following
description, 1t 1s assumed that the discharge terminal 214 to
21e and the two voltage detection terminals 27a to 27e, 27aa
to 27ee are both connected to the surface of the collector 4a to
de on which the positive electrode active material layer 5 1s
formed.

A solid line 1 FIG. 11B indicates voltage varation in
respective parts ol the collector 4a along a dot-dash line in
FIG. 11A during discharge of the unit cell 15aq from the
discharge terminal 21qa. In the figure, a straight line linking
the high side voltage Vhi to the low side voltage Vlo repre-
sents a value of a current flowing through the collector 4a and
the positive electrode active material layer 5 during discharge
of the unit cell 15a. The current flowing through the collector
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da during discharge of the unit cell 15a 1s atfected by envi-
ronmental conditions. For example, 1f the value of the current
flowing through the collector 4a during discharge of the unit
cell 15qa increases as an air temperature increases, an incline
of the straight line linking the high side voltage Vhi to the low
side voltage Vlo increases as the air temperature increases.

When a voltage distribution that decreases toward the dis-
charge terminal 21a to 21e exists in all of the collectors 4a to
de, the incline of the straight line may vary in response to the
environmental conditions. In this embodiment, the high side
voltage Vhi 1s detected by the first voltage detection terminal
27a to 27e and the low side voltage Vlo 1s detected by the
second voltage detection terminal 27aa to 27ee. Hence, even
when the incline of the straight line linking the high side
voltage Vhi to the low side voltage Vlo varies, the voltage 1s
detected 1n two locations such that the in-plane voltage dis-
tribution of the collector 4a to 4e 1s estimated from the
straight line linking the voltages Viu and Vlo of the two
locations. As a result, a voltage distribution that decreases
toward the discharge terminal 21a to 21d can be estimated
with a high degree of precision during discharge of the umit
cell 13a.

This embodiment also 1includes a following merit. In FIG.
11B, when the high side voltage Vhi 1s low, the low side
voltage Vlo may fall below zero in the vicinity of the dis-
charge terminal 21a, as shown by a dotted line 1n the figure,
even though the current value during discharge, or 1n other
words the incline of the straight line 1n the figure, remains
unchanged. As a result, overdischarge occurs locally 1in the
vicinity of the discharge terminal 21a. The low side voltage
Vlo may also fall below zero 1n the vicinity of the discharge
terminal 21a when the discharge current value 1s too large, or
in other words when the incline of the straight line 1n the
figure 1s too large. Likewise 1n this case, overdischarge occurs
locally 1n the vicinity of the discharge terminal 21a.

When the voltage detection terminal 27aa to 27ee 1s not
connected to the collector 4a 1n the vicinity of the point B,
overdischarge occurring locally 1n the vicinity of the dis-
charge terminal 21a i1s overlooked. By having the voltage
detection terminal 27aa to 27ee detect the low side voltage
Vlo, however, a determination can be made as to whether or
not the low side voltage Vlo 1s close to zero. As a result, the
balance current can be reduced such that the low side voltage
Vlo 1s prevented from falling below zero.

To reduce the balance current of the unit cells 154 to 154,
variable resistors may be provided 1n place of the fixed resis-
tors 24a to 24e shown in FIG. 10, for example, so that a
variable resistance value can be increased 1n response to a
signal from the control circuit 29.

Hence, according to the second embodiment of this inven-
tion, similar favorable etfects to those of the first embodiment
can be obtained 1n relation to the detection precision of the
voltages V1 to V5. Further, by providing the second voltage
detection terminals 27aa to 27ee 1in the vicinity of the dis-
charge terminals 21a to 21e, the precision with which the
voltages of the collectors 4a to 4e are detected during dis-
charge can be improved, and local overdischarge 1n the vicin-
ity of the discharge terminals 21a to 21e can be prevented.
Theretore, an even more favorable effect 1s obtained in terms
of increasing the lifespan of the bipolar battery 2.

Referring to FIG. 12, a third embodiment of this invention
will be described.

Similarly to FIG. 10, this figure shows the planar form of
the five collectors 4a to 4e, but similarly to the first embodi-
ment, the bipolar battery 2 according to this embodiment 1s
constituted by five bipolar electrodes 3 including the collec-
tors 4a to 4e, which are laminated via the separators 12.
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In the bipolar battery 2 according to the first embodiment,
one discharge terminal 21a to 21e and one voltage detection
terminal 27a to 27e are connected to each collector 4a to 4e,
whereas 1n the bipolar battery 2 according to this embodi-
ment, two discharge terminals 21a to 21e, 21aa to 21ee and
one voltage detection terminal 27a to 27e are connected to
cach collector 4a to 4e.

A first discharge terminal 21a to 21e of the two discharge
terminals 21a to 21e, 21aa to 21ee connected to the collector
da to de1s disposed 1n an 1dentical position to the first embodi-
ment.

A second discharge terminal 21aa to 21ee of the two dis-
charge terminals 21a to 21e, 21aa to 21ee 1s connected to the
collector 4a to 4e 1n the vicinity of the point A. In other words,
the two discharge terminals 21a to 21e and 21aa to 21ee are
substantially point-symmetrical.

The voltage detection terminal 27a to 27e, meanwhile, 1s
connected to the collector 4a to 4e 1n the vicinity of an
intermediate position on one long side of the collector4ato 4e
having a rectangular planar form.

Referring to FIG. 13 A, a positional relationship between
the discharge terminals 21a, 21aa and the voltage detection
terminal 27a on the collector 4a will be described. First, the
first straight line Dal connecting the centroid Oa of the col-
lector 4a and the voltage detection terminal 27a 1s drawn. The
second discharge terminal 21 as 1s then disposed on the oppo-
site side of the second straight line Da2, which 1s orthogonal
to the first straight line Dal at the centroid Oa, to the voltage
detection terminal 27a. The first discharge terminal 21a, on
the other hand, 1s disposed on the same side of the second
straight line Da2 as the voltage detection terminal 27a.

Likewise with regard to the collectors 46 to 4d, the two
discharge terminals 215 to 21e, 2155 to 21ee and the voltage
detection terminals 275 to 27¢ are disposed in the same way
as 1n the case of the collector 4a.

In this embodiment, due to the arrangement described
above, the voltage detection terminal 27a to 27¢ and the
second discharge terminal 21aa to 21ee satisty the require-
ments of the bipolar battery 2 according to this invention.

It should be noted that the two discharge terminals 21a to
21e, 21aa to 21ee and the voltage detection terminal 274 to
277¢ are all connected to the surface of the collector 4a to 4e on
which the negative electrode active material layer 6 1s formed.

Likewise here, to facilitate the following description, a
case 1n which the two discharge terminals 21a to 21e, 21 aato
21ee and the voltage detection terminal 27a to 27¢ are all
connected to the surface of the collector 4a to 4e on which the
positive electrode active material layer 3 1s formed will be
envisaged.

In this embodiment, a second voltage balance circuit 20a
connected to the second discharge terminals 21aa to 21ee 1s
provided 1n addition to the first voltage balance circuit 20,
which 1s connected to the first discharge terminals 21a to 21e
in a similar manner to the first embodiment.

The second voltage balance circuit 20a 1s configured as
follows.

The second voltage balance circuit 20a includes second
discharge wires 22aa to 22ee, second fixed resistors 24aa to
24ee, and second switches 25aa to 25dd, which are connected
to the five second discharge terminals 21aa to 21ec.

One end of the second discharge wire 22aa to 22ee 1s
connected to each ol the five second discharge terminals 21aa
to 21ee.

More specifically, one end of the second discharge wire
22aa 1s connected to the second discharge terminal 21aa. One
end of the second discharge wire 22bb 1s connected to the
second discharge terminal 2155. One end of the second dis-
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charge wire 22cc 1s connected to the second discharge termi-
nal 21cc. One end of the second discharge wire 22dd 1s
connected to the second discharge terminal 21dd. One end of
the second discharge wire 22ee 1s connected to the second
discharge terminal 21ee.

Another end ofthe second discharge wire 22aa and another
end of the second discharge wire 22bb are connected to the
switch 25aa. The other end of the second discharge wire 22565
and another end of the second discharge wire 22c¢c are con-
nected to the second switch 25bb. The other end of the second
discharge wire 22¢c and another end of the second discharge
wire 22dd are connected to the second switch 25¢¢. The other
end of the second discharge wire 22dd and another end of the
second discharge wire 22ee are connected to the second
switch 25dd.

The four second switches 25aa to 25dd are normally open
switches. ON/OFF operations of the second switches 25aa to
25dd are controlled by the control circuit 29 together with the
ON/OFF operations of the first switches 23a to 25d.

The control circuit 29 switches the first switch 25q and the
second switch 25aa simultaneously. More specifically, the
first switch 25a 1s switched from OFF to ON at the same time
as the second switch 235aq 1s switched from OFF to ON.
Further, the first switch 254 and the second switch 25556 are
operated similarly. The first switch 25¢ and the second switch
235c¢c are also operated similarly. The first switch 254 and the
second switch 25dd are also operated similarly.

It should be noted that components used 1n the two voltage
balance circuits 20 and 20a have identical specifications with
respect to the four unit cells 15a to 15d. More specifically, the
ten discharge terminals 21a to 21e and 21aa to 21ee have
identical specifications. The eight switches 25a to 254 and
235aa to 25dd all have 1dentical specifications. The ten dis-
charge wires 22a to 22e and 22aa to 22ee also have 1dentical
specifications. The ten fixed resistors 24a to 24e and 24aa to
24ee all have i1dentical resistance values. The five voltage
detection terminals 27a to 27¢ and the five voltage detection
wires 28a to 28¢ also have 1dentical specifications.

In this embodiment, the two voltage balance circuits 20 and
21 are provided, and therefore approximately double the bal-
ance current can be discharged during the voltage balance
control in comparison with the bipolar battery 2 according to
the first embodiment. In other words, a time required for the
voltage balance control can be shortened to approximately
half.

The reason for connecting the voltage detection terminals
27a to 27e to the collectors 4a to 4e 1n the vicimty of an
intermediate position on one long side of the collectors 4a to
de having a rectangular planar form 1s that this position 1s
turthest removed from both the first discharge terminals 21a
to 21e and the second discharge terminals 21aa to 21ee, and
therefore corresponds to the position in which the smallest
amount of discharge current flows, or 1n other words the
position in which the voltage i1s stable.

Reterring to FIG. 13B, a solid line 1n this figure indicates
voltage characteristics 1n respective parts of the collector 4a
along a dot-dash line 1n FIG. 13 A during discharge of the unit
cell 15a. In the bipolar battery 2, discharge 1s performed from
the first discharge terminal 21a to 21e and the second dis-
charge terminal 21aa to 21ee connected to the two short sides
ol the rectangular collector 4a to 4e, and therefore the voltage
distribution through the interior of the collector 4a to 4e takes
a mountain shape 1n which a highest voltage Vpe appears at a
point C, which corresponds to an intermediate point of the
dot-dash line 1n FIG. 13 A, and the voltage decreases from the
point C toward a point A and a point B on either side thereof.
Hence, 1n the bipolar battery 2, a range width of the voltage
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distribution between the point A and the point B 1s substan-
tially half that of the bipolar battery 2 according to the first
embodiment.

The balance current discharged from the first discharge
terminal 21a to 21e 1s equal to the balance current discharged
from the second discharge terminal 21aa to 21ee, and there-
fore the voltage distribution characteristic exhibits left/right
symmetry, as shown in the figure. An absolute value of the
incline of the straight line 1s 1dentical to that of the bipolar
battery 2 according to the first embodiment, 1n which dis-
charge 1s performed from only one location of the collector 4a
to 4e. As a result, a voltage difference between the peak
voltage Vpe and the low side voltage Vo 1s exactly half the
voltage difference between the high side voltage Vhi and the
low side voltage Vlo 1n the first embodiment, shown in FIG.
2B. In other words, the peak voltage Vpe 1s equal to the
average value Vav of the first embodiment.

In this embodiment, the voltage of the collector 4a to 4e
corresponds to an average value Vav2 (=(Vpe+Vlo)/2) of the
peak voltage Vpe and the low side voltage Vlo. However, this
embodiment does not include a voltage detection terminal for
detecting the low side voltage Vlo, and the voltage detection
terminal 27a to 27e detects only the peak voltage Vpe.

Hence, the peak voltage Vpe, which appears to be larger
than the average voltage Vav2, 1s used as the representative
voltage value of the collector 4a to 4e during discharge. When
a high degree of detection precision 1s not required, discharge
control may be performed on the basis of the peak voltage
Vpe. When a high degree of detection precision 1s required, a
difference between the peak voltage Vpe and the average
value Vav2 of the collector 4a may be determined 1n advance
by matching, and a value obtained by subtracting this prede-
termined difference from the peak voltage Vpe detected by
cach voltage detection terminal 27a to 27e may be used as the
detected voltage of each collector 4a to 4e. More specifically,
a relationship between the peak value Vpe of the collector 4a,
the peak value Vpe of the discharge destination collector 45,
and the average voltage value Vav of the collector 4a 1s
preferably stored in advance on a map, whereupon the aver-
age value Vav 1s determined from the peak voltages Vpe of the
collectors 4a and 4b by referring to the map. The map 1s
created by matching.

In the bipolar battery 2 according to this embodiment, the
voltage detection terminal 27a to 27¢ 1s removed from the
point C positioned 1n the center of the collector 4a to 4e.
Theretfore, a voltage reduction corresponding to a distance
between the voltage detection terminal 27a to 27¢ and the
point C 1s iterposed between the voltage detected by the
voltage detection terminal 27a to 27¢ and the voltage at the
point C. By determining this voltage reduction in advance and
adding the voltage reduction to the peak voltage Vpe detected
by the voltage detection terminal 27a to 27e, the peak voltage
at the point C can be determined with a high degree of preci-
S1011.

A manner 1n which the voltage varies 1n the interior of the
collector 4a to 4e of the bipolar battery 2 from the point at
which discharge 1s stopped onward will be described below,
taking the collector 4a as an example.

When discharge 1s stopped, the voltage reduction AV
caused by the flow of the discharge current disappears 1nstan-
taneously. In FI1G. 13B, therefore, the voltage characteristic of
cach part of the collector 4a varies from the solid line to a
dotted line of the figure when discharge 1s stopped. The volt-
age reduction increases as the tlow of the discharge current
increases, and therefore, when discharge from the unit cell
15a 1s stopped, the voltage varies greatly upward toward sites
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in the vicinity of the first discharge terminal 21a and the
second discharge terminal 21aa.

The entire positive electrode active material layer 5 then
shifts toward a state of equilibrium over a period of ten to
thirty minutes, for example. After reaching the state of equi-
librium, the voltage of the collector 4 settles at the balanced
voltage Veq over the entire region of the positive electrode
active matenal layer 5. A dot-dot-dash line in FIG. 13B shows
this state of equilibrium. The balanced voltage Veq takes a
value obtained by adding the voltage reduction AV due to the
flow of the discharge current to the average value Vav2
(=(Vpe+Vlo)/2) of the peak voltage Vpe and the low side
voltage Vlo. Further, a time extending from a condition in
which an incline occurs 1n the voltage distribution, or in other
words the condition shown by the solid line 1n the figure, to
the state of equilibrium shown by the dot-dot-dash line in the
figure, 1s a “time required for the voltage distribution to be
resolved”. In this embodiment, the second discharge terminal
21aa to 2 lee 1s provided 1n addition to the first discharge
terminal 21a to 21e, and therefore the voltage difference in
the collector 4a to 4e during discharge 1s a half that of the
bipolar battery 2 according to the first embodiment. Hence,
with the bipolar battery 2 according to this embodiment, the
time required for the voltage distribution to be resolved 1s also
a half that of the bipolar battery 2 according to the first
embodiment. By reducing the difference in the voltage dis-
tribution of the collector 4a to 4e 1n this manner, overdis-
charge 1s less likely to occur, enabling an increase in the
lifespan of the battery.

Reterring to F1G. 14, a fourth embodiment of this invention
will be described.

In the bipolar battery 2 according to this embodiment, three
discharge terminals 21a, 21aa, 21aaa and one voltage detec-
tion terminal 27a are provided on the collector 4a. More
specifically, the collector 4a according to this embodiment 1s
formed by adding the third discharge terminal 21aaa to the
collector 4a of the third embodiment.

The third discharge terminal 21aaa 1s connected to the
collector 4a 1n the vicinity of an imntermediate position of the
other long side of the collector 4a having a rectangular planar

form, 1.e. the long side to which the voltage detection terminal
277a 1s not connected.

The other collectors 46 to 4e likewise include third dis-
charge terminals 215bb to 21eee disposed similarly to the
third discharge terminal 21aaa.

In this embodiment, the requirements of the bipolar battery
2 according to this mvention are satisfied by a positional
relationship between the voltage detection terminal 27a to
277¢, the second discharge terminal 21aa to 21ee, and the third
discharge terminal 21aaa to 21ece.

Further, a third voltage balance circuit configured similarly
to the first and second voltage balance circuits 20, 20a 1s
provided for the third discharge terminals 21aaa to 21eee.

According to this embodiment, by providing three voltage
balance circuits, approximately three times the balance cur-
rent can be discharged during the voltage balance control in
comparison with the bipolar battery 2 according to the first
embodiment, and therefore the time required for the voltage
balance control can be shortened to approximately one third
that of the bipolar battery 2 according to the first embodiment.
Furthermore, the voltage difference 1n the collector 4a to 4e
during discharge can be reduced greatly 1n comparison with
the bipolar battery 2 according to the first embodiment.

Referring to FI1G. 15, a fifth embodiment of this invention

will be described.
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In this embodiment, a fourth discharge terminal 21aaaa 1s
turther added to the collector 4a to 4e of the bipolar battery 2
according to the fourth embodiment.

In the bipolar battery 2 according to this embodiment, the
fourth discharge terminal 21aaaa 1s connected to the collec-
tor 4a 1n the position of the voltage detection terminal 274
according to the third embodiment, and the voltage detection
terminal 27a 1s moved to an end portion of the collector 4a to
which the fourth discharge terminal 21aaaa 1s connected.
With this arrangement, the voltage detection terminal 27a 1s
provided 1n a position removed from all of the discharge
terminals 21a, 21aa, 21aaa, 21aaaa.

The other collectors 46 to 4e likewise include fourth dis-
charge terminals 215bbb to 21eeee disposed similarly to the
fourth discharge terminal 21aaaa.

In this embodiment, the requirements of the bipolar battery
2 according to this ivention are satisfied by a positional
relationship between the voltage detection terminal 27a to
27e, the first discharge terminal 21a to 21e, and the third
discharge terminal 21aaa to 21eee.

Further, a fourth voltage balance circuit configured simi-
larly to the first and second voltage balance circuits 20, 20a 1s
provided for the fourth discharge terminals 21aaaa to 21eeee.

According to this embodiment, by providing four voltage
balance circuits, approximately four times the balance cur-
rent can be discharged during the voltage balance control in
comparison with the bipolar battery 2 according to the first
embodiment, and therefore the time required for the voltage
balance control can be shortened to approximately one quar-
ter that of the bipolar battery 2 according to the first embodi-
ment. Furthermore, the voltage difference in the collector 4a
to 4e during discharge can be reduced even further 1n com-
parison with the bipolar battery 2 according to the fourth
embodiment.

Referring to FIGS. 16A and 16B, a sixth embodiment of
this invention will be described.

In the bipolar battery 2 according to this embodiment, three
voltage detection terminals 27a to 27¢, 27aato 27ee, 27aaato
27eee and one discharge terminal 21a to 21e are provided for
cach collector 4a to 4e.

The three voltage detection terminals 27a to 27e, 27aa to
27ee, 27aaa 10 27eee and the one discharge terminal 21a to
21e are connected to the surface of the collector 4a to 4e on
which the negative electrode active material layer 6 1s formed.
In the following description, however, similarly to the other
embodiments, a case 1n which the terminals are connected to
the surface of the collector 4a to 4e on which the positive
clectrode active material layer 5 1s formed will be envisaged.

The arrangement of the first voltage detection terminal 274
to 27¢ and the discharge terminal 21a to 21e on the collector
da to 4e 15 1dentical to that of the bipolar battery 2 according
to the first embodiment.

The second voltage detection terminal 27aa to 27ee 1s
connected to the collector 4a to 4e 1n the vicinity of the point
B. The third voltage detection terminal 27aaa to 27eee 1s
connected to the collector 4a to 4e 1n the vicinity of an
intermediate position on one long side of the collector4ato 4e
having a rectangular planar form.

In this embodiment, the requirements of the bipolar battery
2 according to this ivention are satisfied by a positional
relationship between the first voltage detection terminal 274
to 27¢ and the discharge terminal 21a to 21e.

The voltage detection terminals 27a to 27¢, 27aa to 27 ee,
27aaa to 27eee are connected to the control circuit 29 respec-
tively via dedicated wires.

In the first to fifth embodiments, only one voltage detection
terminal 27a to 27¢ 1s connected to each collector 4a to 4e
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such that voltage variation in the mterior of the collector 4a to
de during discharge appears as a straight line. However, the
voltage 1n the interior of the collector 4a to 4e may vary 1n a
curved shape, as shown by a solid line and a dotted line 1n

FIG. 16B.

When the voltage in the interior of the collector 4a varies
along a curve that bulges upward from the point A to the point
B, as shown by the solid line 1n the figure, and a voltage 1n an
intermediate position 1s set as an intermediate voltage value
Vmil, the intermediate voltage value Vmil 1s larger than the
average value Vav. When, 1n this case, the voltage in the
interior of the collector 4a 1s expressed by a straight line
linking the high side voltage Vhi at the point A to the low side
voltage Vlo at the point B, an error corresponding to a difier-
ence between the intermediate voltage value Vmil and the
average value Vav occurs 1n relation to the estimated voltage
of the collector 4a, and as a result, the precision with which
the voltages of the collectors 4a to 4e are calculated
decreases. Conversely, when the voltage 1n the interior of the
collector 4a varies along a curve that bulges downward from
the point A to the point B, as shown by the dotted line 1n the
figure, and the voltage in the mtermediate position between
the point A and the point B 1s set as an intermediate voltage
value Vmil2, the mmtermediate Veltage value Vmil2 1s smaller
than the average value Vav. When, 1n this case, the voltage in
the interior of the collector 4a 1s expressed by a straight line
linking the high side voltage Vhi at the point A to the low side
voltage Vlo at the point B, an error corresponding to a differ-
ence between the intermediate voltage value Vmil2 and the
average value Vav occurs 1n relation to the estimated voltage
of the collector 4a, and as a result, the precision with which
the voltages of the collectors 4a to 4e are calculated
decreases.

In this embodiment, the first voltage detection terminal 27a
to 27e 1s disposed 1n the vicinity of the point A, the second
voltage detection terminal 27aa to 27ee 1s disposed 1n the
vicinity of the point B, and the third voltage detection termi-
nal 27aaa to 27eee 1s disposed 1n an intermediate position on
one long side of the rectangle forming the collector 4a to 4e.
Therefore, the mntermediate voltage values Vmill and Vmil2
in the intermediate portion of the straight line linking the
point A and the point B 1n FIG. 16A can be detected by the
third voltage detection terminal 27aaa to 27ece.

As a result, the control circuit 29 can estimate the voltage
distribution through the interior of the collector 4a to 4e more
accurately using the high side voltage Vhi detected by the first
voltage detection terminal 27a to 27e, the low side voltage
Vlo detected by the second voltage detection terminal 27aa to
27¢e, and the intermediate voltage value Vmil (Vmil2)
detected by the third voltage detection terminal 27aaa to
27eee.

The contents of Tokugan 2010-195792, with a filing date of
Sep. 1, 2010 1n Japan, are hereby mcorporated by reference.

Although the invention has been described above with
reference to certain embodiments, the invention 1s not limited
to the embodiments described above. Modifications and
variations of the embodiments described above will occur to
those skilled in the art, within the scope of the claims.

For example, in the embodiments described above, the
collector 4a to 4e has a flat rectangular planar form, but the
planar form of the collector 4a to 4e 1s not limited thereto and
may take any form, imncluding a square shape and a circular
shape.

INDUSTRIAL APPLICABILITY

As described above, the bipolar battery according to this
invention can satisly both a requirement relating to voltage
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measurement and a requirement relating to discharge from a
collector. Therefore, by applying this invention to a bipolar
battery 1nstalled 1n an electric automobile or the like, a favor-

able effect can be expected 1n terms of extending the lifespan
ol the battery.

The embodiments of this invention 1n which an exclusive
property or privilege i1s claimed are defined as follows:

1. A bipolar battery in which a plurality of bipolar elec-
trodes, each comprising a layer-form collector, a positive
clectrode active material layer disposed on one surface of the
collector, and a negative electrode active material layer dis-
posed on another surface of the collector, and a plurality of
clectrolyte layers through which 1ons move internally are
laminated in a state where the positive electrode active mate-
rial layer and the negative electrode active material layer
oppose each other via the electrolyte layer,

wherein the collector comprises a voltage detection termi-

nal and a discharge terminal connected to a peripheral
edge portion thereot, and

assuming a first straight line that connects a centroid of the

collector and the voltage detection terminal and a second
straight line that 1s orthogonal to the first straight line,
the discharge terminal 1s disposed on an opposite side of
the second straight line to the voltage detection terminal.

2. The bipolar battery as defined in claim 1, wherein,
assuming two straight lines intersecting at the centroid and
causing a planar form of the collector into four regions, the
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voltage detection terminal 1s disposed in one of two non-
adjacent regions, and the discharge terminal 1s disposed 1n
another thereof.

3. The bipolar battery as defined in claim 2, wherein the
two non-adjacent regions are regions in which an intersection
angle of the two straight lines 1s an acute angle.

4. The bipolar battery as defined 1n claim 2, wherein the
planar form of the collector i1s rectangular, and the two
straight lines 1ntersecting at the centroid are diagonal lines of
a rectangle.

5. The bipolar battery as defined 1n claim 1, wherein the
voltage detection terminal and the discharge terminal are
disposed at an angular interval between 150 and 210 degrees
in an 1dentical collector.

6. The bipolar battery as defined in claim 1, wherein the
collector comprises another voltage detection terminal that 1s
connected to the peripheral edge portion of the collector 1n a
vicinity of the discharge terminal.

7. The bipolar battery as defined in claim 1, wherein the
collector comprises a pair of discharge terminals, and

the voltage detection terminal 1s disposed on one side of the

second straight line whereas one of the pair of discharge
terminals 1s disposed on an opposite side of the second
straight line with respect to the voltage detection termi-
nal.

8. The bipolar battery as defined 1n claim 7, further com-
prising a pair of discharge circuits, each discharge circuit
connected to one of the pair of discharge terminals.
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